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Ordering of oxygen moments in ferromagnetic edge-sharing CuO4 chains in La142xCaxCu24O41
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Neutron scattering measurements have been performed on theS5
1
2 quasi-one-dimensional system

La5Ca9Cu24O41, which consists of edge-sharing CuO4 chains. We observed that the chains show an antiferro-
magnetic long-range ordering belowTN510.5 K with ferromagnetic correlations within the chain. In the
antiferromagnetically ordered phase, an ordering of oxygen moments~;0.02mB) as well as that of Cu mo-
ments ~;0.2mB) is observed. The oxygen moments are coupled with Cu moments ferromagnetically.
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I. INTRODUCTION

Spin-12 one-dimensional~1D! magnets show novel phe
nomena originating from quantum fluctuations. As a b
product of the high-temperature superconducting copper
ides, many interesting quasi-1D copper oxides have b
discovered or rediscovered and have been studied in
sively. The copper oxides such as Sr2CuO3 and Ca2CuO3
have chains of corner-sharing CuO4 tetragons, in which cop-
per spins are coupled by the nearly 180° Cu-O-Cu inter
tion. Since the ratio between intrachain (J) and interchain
interactions (J8) of the compounds is very large (J/J8
;103), they are thought of as ideal examples of the spi1

2

1D Heisenberg antiferromagnets.1,2 On the other hand, the
copper oxides with chains of edge-sharing CuO4 tetragons, in
which copper spins are coupled by the nearly 90° Cu-O
interaction, exhibit various interesting phenomena. The in
action depends sensitively on the bond angleu between cop-
per and oxygen ions and changes from ferromagnetic~u,
;95°! to antiferromagnetic (u.;95°).3 The edge-sharing
CuO4 chains in CuGeO3 have antiferromagnetic interactio
and show a spin-Peierls transition at low temperature.4 In
Li 2CuO2 the interaction within the chains is ferromagne
and an antiferromagnetic transition occurs at 9.3 K due to
fairly large antiferromagnetic interchain interaction.5 The
chains in Sr14Cu24O41 show a dimerized state which ha
longer-ranged spin correlations.6,7 The dimerized state is
closely related with localized holes which exist at oxyg
sites.

The magnetic properties of La6Ca8Cu24O41, which has
both chains of edge-sharing CuO4 tetragons and two-leg lad
ders of coppers,8 have been studied.9,10 La6Ca8Cu24O41 has a
long-range magnetic order below 12.2 K in the chain wh
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the two-leg ladder remains singlet down to at least 4 K. T
Cu spins are aligned ferromagnetically along the chainc
axis! with antiferromagnetic correlations between neare
neighbor chains along theb axis. The spins have a spira
structure along thea axis with a rotation angle of;2p/5.10

However, the exact spin structure was unknown due to
complicated diffraction pattern. Especially puzzling is
modulation of the intensity along theh direction, which
shows a maximum aroundh52.5. One possibility to explain
the scattered intensities would be that the Cu spins are t
from the b axis. To confirm the model, polarized neutro
experiments were performed.11 No distinct scattering was
observed in the vertical field~along theb axis! spin-flip
mode experiments, which indicates that a spin compon
perpendicular to theb axis is negligible. This is inconsisten
with the tilted spin model mentioned above. Further expe
ments discussed below were performed to solve this puz

The interesting feature of La142xCaxCu24O41 is that holes
can be doped in the chain. It is expected that the holes
localized at oxygen sites and couple with the copper spin
form the Zhang-Rice singlet. In order to understand the s
structure of La6Ca8Cu24O41 in detail we study how the mag
netic structure is changed with hole-doping. Neutron scat
ing measurements are performed on La5Ca9Cu24O41 in which
holes are slightly introduced. The number of holes in t
chain can be estimated as 4.2%, if one assumes that al
holes exist in the chain. The experiments show t
La5Ca9Cu24O41 has an antiferromagnetic long-range orderi
belowTN510.5 K with ferromagnetic correlations within th
chain. Unlike La6Ca8Cu24O41, which shows an incommensu
rate structure along thea axis, La5Ca9Cu24O41 has a com-
mensurate structure~antiferromagnetic correlations betwee
nearest-neighbor chains along thea andb axes!. Because of
11 467 © 1998 The American Physical Society
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11 468 57M. MATSUDA et al.
the rather simple neutron diffraction pattern, a detailed m
netic structural analysis is possible. Unexpectedly, a po
ization of oxygen moments is needed to explain the magn
intensities in the antiferromagnetically ordered phase. T
oxygen moments are coupled with copper moments fe
magnetically. To the best of our knowledge, this is the fi
observation of a polarization of oxygen moments in the c
per oxide system. From these results the spin structur
La6Ca8Cu24O41 can also be determined.

II. EXPERIMENTAL DETAILS

The single crystal of La5Ca9Cu24O41 was grown using a
traveling solvent floating zone~TSFZ! method at 3 bars oxy
gen atmosphere. The dimension of the cylindrically sha
crystal used in the experiments is about 535320 mm3. The
effective mosaic of the single crystal is less than 0.4° w
the spectrometer condition as described below. It is expe
that La and Ca are distributed homogeneously in the sam
since the lattice constantb systematically changes and th
linewidth of the nuclear Bragg peaks does not change w
the ratio of La and Ca is changed. The lattice constants
La5Ca9Cu24O41 area511.29 Å,b512.58 Å, andc527.61 Å
at 1.7 K.

The neutron scattering experiments were carried out
the ISSP-PONTA spectrometer installed at the 5G beam
of the Japan Research Reactor 3M~JRR-3M! at Japan
Atomic Energy Research Institute~JAERI! and the HB3
triple-axis spectrometer at the High Flux Isotope Reac
~HFIR! at Oak Ridge National Laboratory~ORNL!. The
horizontal collimator sequences were open-408-S-808-808
~unpolarized neutron! and open-808-S-808-808 ~polarized
neutron! for the experiments on the ISSP-PONTA and ope
408-S-608-1208 for the unpolarized neutron experiments
the HB3. The incident neutron energy was fixed atEi514.7
meV. Pyrolytic graphite~002! was used as monochromat
and analyzer for unpolarized neutron experiments. Heu
alloy ~111! was used as monochromator and analyzer
polarized neutron experiments. A flipping ratio of;35 was
measured on some nuclear Bragg peaks, correspondin
94% polarization of the beam. Contamination from high
order beam was effectively eliminated using pyrolytic grap
ite filters before and after the sample. The single crys
were mounted in a4He pumped cryostat which allowed us
perform the measurements down to 1.5 K. The crystals w
oriented in the (h,0,l ) or (0,k,l ) scattering planes. As de
scribed in Ref. 12, there are three different values for
lattice constantc (cuniversal5103cchain573cladder). Since we
will mainly show the magnetic and structural properties
the chain,cchain will be used to express Miller indices.

III. EXPERIMENTAL RESULTS

The temperature dependence of the magnetic suscep
ity in the La5Ca9Cu24O41 single crystal is shown in Fig. 1~a!.
The susceptibility with the external field along theb axis
shows a broad peak around 15 K and an abrupt decr
around 10 K. The susceptibilities with the external fie
along thea andc axes increase with decreasing temperat
and show a tendency to saturation around 20 K. Below 2
they increase again probably due to the Curie-Weiss
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These indicate that an antiferromagnetic transition occ
around 10 K and that spins point predominantly along thb
axis. The number of spins which contribute to the susce
bility is estimated from the Curie constant in the temperat
range 50<T< 250 K to be;42% of the total Cu21 spins,
which is consistent with the fact that only the chains contr
ute to the susceptibility below room temperature due to
large spin gap in the ladder.13–16

New Bragg reflections are observed below;10.5 K at
(2n,0,1! (n: integer!. The Bragg reflections at (h,0,1) are
considered to be magnetic in origin since the transition te
perature corresponds to that obtained from the magnetic
ceptibility measurements as mentioned above. From the
sitions of magnetic Bragg peaks, it is concluded that a lo
range magnetic ordering occurs in the chain, which
consistent with the results of susceptibility measureme
The temperature dependence of the peak intensity at~0,0,1!
is shown in Fig. 1~b!. Figure 2 shows an elastic scan alon
@h,0,1# measured at 1.7 K with unpolarized neutrons. No
that a modulation of intensity is still observed along theh
direction as in La6Ca8Cu24O41. Figure 3 shows the results o
polarized neutron measurements in the vertical field. T
non-spin-flip ~NSF! and spin-flip ~SF! mode experiments
give magnetic scattering caused by spin component par
to the field direction (b axis! and perpendicular to it, respec
tively. A correction originating from imperfect polarizatio
of the neutron beam was made. Large background inten
at ~4,0,1! in the NSF mode comes from tail of a large nucle
Bragg reflection which originates from aluminum samp
holder. The intensity observed in the SF mode was facto
;20 smaller than that in the NSF mode, suggesting that o
a small amount of spin component exists perpendicular to
b axis. The tilt angle from theb axis is estimated to be a
most 15°. Unlike the results of the elastic neutron scan al
@h,0,1# in La6Ca8Cu24O41 where incommensurate peaks we

FIG. 1. ~a! Temperature dependence of magnetic susceptib
in La5Ca9Cu24O41. ~b! Temperature dependence of peak intensity
~0,0,1! in La5Ca9Cu24O41 measured with unpolarized neutrons.
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57 11 469ORDERING OF OXYGEN MOMENTS IN FERROMAGNETIC . . .
observed, sharp and commensurate magnetic Bragg p
are observed in La5Ca9Cu24O41. From this simple diffrac-
tion pattern, a detailed magnetic structural analysis was p
sible in La5Ca9Cu24O41.

The integrated intensities of a number of magnetic pe
were obtained with unpolarized neutrons as shown in Ta
I. Note that the integrated intensity of magnetic Bragg pe
along @h,0,1# gradually increases with increasingh. This is
different from the peak height intensity which has a ma
mum at h52 as shown in Fig. 2. This is due to the pe
width increasing with increasingh because of resolution ef
fects. In order to analyze the data, we first assume a finic
component of the Cu moment since the magnetic Bragg p
intensities in (h,0,1! increase with increasingh. In this case,
the spin should be tilted by;60° from theb axis to explain
the observed data. However, this model is inconsistent w
our experiments since it requires that~i! the intensity in the
SF mode should be large as shown by the broken line
Fig. 3 and that~ii ! the intensity of magnetic Bragg peak
along @0,k,1# should have a similarQ dependence as ob
served along@h,0,1#, which is not the case.

FIG. 2. An elastic neutron scan of La5Ca9Cu24O41 along@h,0,1#
measured atT51.7 K with unpolarized neutrons. The data atT512
K were subtracted as a background.

FIG. 3. Elastic neutron scans of La5Ca9Cu24O41 at (2,0,1) and
~4,0,1! measured atT51.7 K with polarized neutrons in the vertica
field spin-flip ~SF! and non-spin-flip~NSF! mode. A correction
originating from imperfect polarization of the neutron beam w
made. The broken lines represent scattering intensities expe
when the Cu moments are tilted by 60° from theb axis as described
in the text.
aks
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Therefore, a tilt of the Cu moments away from the cha
direction cannot explain the experimental results. We n
postulate that a moment induced on the oxygen sites is
present in the magnetically ordered phase. Figure 4 show
proposed spin structure for La5Ca9Cu24O41. In the calcula-
tion of magnetic Bragg intensities it is assumed that a m
ment is induced on the oxygen sites which is parallel to
Cu spin and has a value which is 11% of the Cu moment.
the Cu21 ions, the Freeman and Watson form factor calc
lated for the free Cu21 ion was used. The same form facto
was also assumed for the oxygen ions. This assump
would not affect the calculated intensities appreciably sin
the contribution from the oxygen is not very large. Th
model agrees reasonably well with the observed intens
as shown in Table I. A slight difference between observ
and calculated intensities may partly come from the fact t
the magnetic form factor in this compound is affected by
covalency effects as will be described in Sec. IV. The
dered Cu moment is;0.2mB and the O moment is;0.02mB
at 1.7 K, which is estimated by normalizing the magne
Bragg intensities with that of a weak nuclear Bragg reflect
~4,0,0!. Because of a small number of weak nuclear Bra

s
ted

TABLE I. Observed integrated (I obs) and calculated intensities
(I calc) of magnetic Bragg reflections on La5Ca9Cu24O41. The mea-
surements were performed atT51.7 K with unpolarized neutrons.

(h,k,l ) I obs I calc

~0,0,1! a 221 221
~2,0,1! 282 275
~4,0,1! 286 282
~0,2,1! 185 158
~0,4,1! 109 74
~0,6,1! 55 51

aThe intensity is normalized at this reflection.

FIG. 4. A proposed model for the magnetic structure in t
chain. Closed and open circles represent copper and oxygen
respectively.



n
a

w

u

l
e

s

e
e

f

h

e
r
th
u

m
e

e
i

he
rate
pen-

as

d
nd

ts
es.

-
his

an

to

ly,

ith

d
nd
-
e
y

ring
nese
by
at
n-

i-
a-

E-
.

11 470 57M. MATSUDA et al.
reflections, it is difficult to determine the Cu and oxyge
moments more precisely.

IV. DISCUSSION

We have clearly shown that La5Ca9Cu24O41 has an anti-
ferromagnetic structure with ferromagnetic correlatio
along the chain direction and that the modulation of the m
netic Bragg intensities in (h,0,1! along theh direction origi-
nates from induced moments at oxygen sites which cou
with Cu moments ferromagnetically. From these results
can deduce the spin structure of La6Ca8Cu24O41. In this com-
pound a small moment is also present on the oxygen s
since the modulation of the magnetic Bragg intensities
(h,0,1! along theh direction is also observed.10 The Cu and
oxygen moments probably have a conical spiral struct
with a rotation of spins by;2p/5 along thea axis. The tilt
of the moments from theb axis is considered to be sma
since no distinct scattering was observed in the vertical fi
SF mode experiments11 and the susceptibility along theb
axis drops almost to zero at low temperature.10

The magnetic transition temperature in La5Ca9Cu24O41
~10.5 K! is lower than that in La6Ca8Cu24O41 ~12.2 K!. As
mentioned above, the former is hole doped. The hole act
a nonmagnetic impurity~Zhang-Rice singlet! which breaks
the chain. It is expected that the range of magnetic corr
tion at low temperature is limited by the nonmagnetic sit
This would make the transition temperature lower.

It is rather difficult to understand why the magnetic stru
ture is incommensurate in La6Ca8Cu24O41 which has no
holes while La5Ca9Cu24O41 which has a small number o
holes shows a commensurate structure. It is noted that
width of the magnetic Bragg peaks along theh direction is
broad in La6Ca8Cu24O41 and resolution limited in
La5Ca9Cu24O41. This indicates that the coupling between t
chains in the former system is disturbed by some kind
disorder. A possible origin of the disorder could be exce
oxygens which probably exist at interstitial sites. The exc
oxygens may also cause a competition between the nea
neighbor and next-nearest-neighbor interactions. Fur
study is needed to understand the origin of the spiral str
ture in La6Ca8Cu24O41.

It was also observed that the diffraction pattern in so
samples of La6Ca8Cu24O41 consists of a superposition of th
Bragg peaks of La5Ca9Cu24O41 ~2n,0,1! (n: integer! and of
La6Ca8Cu24O41 ~2n6d,0,1! (n: integer! ~Ref. 10!.17 The
transition temperature is;14 K, which is slightly higher
than in La6Ca8Cu24O41 as mentioned above. These are pro
ably caused by a slight difference of La/Ca ratio or oxyg
content. The superimposed diffraction pattern does not or
n
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nate from inhomogeneous distribution of La and Ca in t
sample since both the commensurate and incommensu
magnetic Bragg peaks show the same temperature de
dence.

The strong Cud-O p hybridization in the CuO2 planes, in
which coppers are coupled by 180° Cu-O-Cu bonds, w
shown to be present in antiferromagnetic La2CuO4 and
YBa2Cu3O61x .18,19 The effective copper moment is reduce
due to hybridization with the oxygens. Recently, Pickett a
Singh calculated the effects of Mnd-O p hybridization in the
La12xCaxMnO3 system20 and showed that oxygen momen
are polarized in the various magnetically ordered phas
Large covalency effects were also observed in K2IrCl6 ~Ref.
21! and K2CuF4 ~Ref. 22!, in which magnetic form factors of
Ir and Cu are affected by Ird-Cl p and Cud-F p hybridiza-
tion, respectively. It is plausible that strong Cud-O p hy-
bridization also exists in edge-sharing CuO4 chains in
La142xCaxCu24O41, in which coppers are coupled by ferro
magnetic 90° Cu-O-Cu bonds. The interesting feature in t
system is that the moments polarized at oxygen sites show
ordering. The small copper moment~;0.2mB) observed in
La5Ca9Cu24O41 probably originates from the Cud-O p hy-
bridization and quantum fluctuations. Theoretical study
explain this phenomenon is highly desirable.

In conclusion, we observed that La5Ca9Cu24O41 shows an
antiferromagnetic long-range ordering belowTN510.5 K
with ferromagnetic correlations in the chain. Unexpected
an ordering of oxygen moments (;0.02mB) is needed in
addition to that of Cu moments (;0.2mB) to explain the
magnetic intensities. The oxygen moments are coupled w
Cu moments ferromagnetically.
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